Data suggest that in response to substantial educational efforts, more children are being placed in the rear seats of vehicles. As this transition occurs, it is important to make efforts to optimize the performance of rear seat restraints for children. Prior to developing new restraints for children for the rear seat, a better understanding of child responses in various crash scenarios is needed.
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INTRODUCTION
Over recent years, child protection has been one of the most important topics in the crash safety community. While the number of child vehicle deaths have remained relatively steady over the past few years, (National Highway Traffic Safety Administration, 2002), motor vehicle crashes remain the number one cause of child deaths in the United States for every age from 4 to 14. In 2000, an average of 6 children aged 0-14 were killed and 797 injured per day (National Highway Traffic Safety Administration, 2000) .
Various issues have been reported with child safety. One major issue continues to be improper restraint usage. Data from the Partners for Child Passenger Safety (PCPS) study, a comprehensive study of children in motor vehicle crashes, identified the seat belt as the most common form of restraint by age 4 (PCPS, 2000) . Current best practice as suggested by the American Academy of Pediatrics and the National Highway Traffic Safety Administration (NHTSA), however, is that children from 40 to about 80 pounds be restrained not in a seat belt but rather in a belt positioning booster seat. While overall booster seat use among the targeted population of 4-8 year old children remains low, significant increases have been noted among specific age groups of children over the past 2 years (Durbin, 2001) .
A second contributor to injuries and fatalities is seat position. In a 1997 study from the Insurance Institute for Highway Safety (IIHS), it was reported that sitting in the rear instead of the front seat helps reduce fatal injury risk by 35% among children 12 and younger. For vehicles equipped with airbags, the reduction is 53% (Braver et al, 1997) . NHTSA recommends that children 12 and under ride buckled up in the rear seat and use appropriate child safety seats, booster seats, or safety belts depending on their age and size to address this last issue. As a result of this initiative, more and more children are sitting in the rear seat. As this transition occurs, it is important to make efforts to optimize the performance of rear seat restraints for children.
This focus on child occupant protection has also been reflected in regulatory activity. Current US regulation, as specified in Federal Motor Vehicle Safety Standard 213 (FMVSS 213) requires testing of booster seats and child restraint systems with Part 572 dummies at 30 mph (this does not include the Hybrid III 6 year old dummy). This standard is currently being reviewed. Two of the suggested revisions in the proposed upgrade to the standard include testing in side impact scenarios and using the Hybrid III family of child dummies. At present, there is limited published experience with the Hybrid III 6 year old ATD in non-airbag deployment test scenarios. Further, most of the data that does exist has been limited to frontal testing, since the Hybrid III 6 year old was designed for frontal response.
To address these issues, the objective of this study was two fold: 1) to evaluate the performance of various rear seat restraint systems and suggested countermeasures with the Hybrid III 6 year old ATD in frontal and oblique collisions, and 2) to begin building the fund of knowledge of side impact response by studying the kinematics of the ATD in lateral impact directions.
The results will be used to provide recommendations for future countermeasure developments.
METHOD
In this study, the performance of several restraint systems and countermeasures was evaluated in sled tests at different impact angles. The restraint systems included the use of two different belt-positioning booster seats and two configurations of belt guides. The tests were performed in frontal (0°), oblique (30° right hand), and side (90° right hand) impact directions.
Sled Buck:
The buck consists of an Economic Commission for Europe Regulation 16 (ECE R16) seat. Generic seatback and seat cushion pads were added to the seat to simulate a rear captain's seat. (Figure 1 ) A 3-point belt system was used to replicate the average geometry of a C-pillar mounted belt restraint system seen in many current minivans. This restraint system was used for all tests except for the ones indicated as "package shelf". For the package, or parcel shelf tests, the geometry of an average integrated seatbelt (all-beltto-seat) system was simulated. Since intrusion was not simulated in this testing, the occupant was belted to simulate a far-sided position for the oblique and lateral tests. 
Simulated Crash Pulse
To maintain a generic study without specifying a particular vehicle's crash pulse, the generic 30 mph American Automobile Manufacturers Association (AAMA) pulse was used as a basis for the frontal testing. This pulse was scaled down to 25 mph to reduce the severity for the oblique and lateral tests. (Figure 2 
Anthropomorphic Test Device (ATD)
The Hybrid III 6 year old child dummy was used. This ATD is approximately 52 lbs. with a theoretical standing height of 3'9". The ATD was instrumented with: 
Test Configurations
In this study, 6 restraint conditions were evaluated ( Figure 3 ): 1. Highback booster with a 3-point lap and shoulder belt 2. Backless booster with a 3-point lap and shoulder belt 3. 3-point lap and shoulder belt, simulated belt mounted to C-pillar (baseline test) 4. Package shelf belt (3-point lap and shoulder belt modified to simulate a belt integrated into seat, also referred to as an all-belt-to-seat configuration) 5. 3-point lap and shoulder belt with a shoulder belt guide 6. 3-point lap and shoulder belt with lap and shoulder guides
The 3-point belts were production C-pillar mounted minivan belts. The highback booster was a production Century Breverra seat and the backless booster was a production Evenflo RightFit seat. New belts and booster seats were used for each test. The shoulder and lap guides were prototype parts and consisted of steel loops rigidly fastened to the steel seat fixture beneath the seatback and seat cushion padding. The shoulder guide was located just above the ATD's left clavicle and the lap guides were fastened to the seat on each side of the ATD's pelvis. The vehicle belt system was routed through the guide loops. Table 1 shows the test matrix used in this study. The injury assessment reference values (IARVs) used in this study for the Hybrid III 6 year old dummy are shown in Table 2 . The IARV's represent a 25% chance of an AIS3+ injury (Mertz et al, 1997) . Except for the head injury criterion, the IARVs listed are specified by NHTSA in the Federal Motor Vehicle Safety Standard 208 (FMVSS 208) . The IARV used for the head, HIC of 723, is slightly higher than that found in FMVSS 208, which uses a HIC of 700. The value of 723 for the 6 year old is scaled from the average sized adult male, which utilizes a HIC of 700 (Mertz et al., 1997) . 
RESULTS
Frontal Figure 4 shows the peak loads seen in the lap and shoulder belts for the various booster seat and lap/shoulder belt test conditions. The results indicate that the peak shoulder load was highest in the backless booster and lap/shoulder belt with shoulder guide only conditions. Lap belt load results were similar for all conditions. Note: the validity of the shoulder belt load for the test with both guides is questionable, as witness marks indicate the shoulder belt may have been caught in the guide. Figure 5 shows the normalized injury numbers (IARV's) for the head/neck, while figure 6 shows the results for the chest. All head injury measures were similar among the restraint conditions and well below the IARV value. The neck injury measures showed some difference among the restraint configurations. In all restraint types, the neck tension was high -just below or exceeding the IARV. In particular, the neck tension value for the lap shoulder belt package shelf condition was substantially higher than the other restraint types. However in looking at combinations of neck loading, as measured by Nij, both the high back booster and the lap shoulder belt package shelf were above the IARV. The Nij for the backless booster was just below the criteria. All three lap-shoulder belt C-pillar mounted configurations were approximately 80% of the IARV. (Note: The peak Nij values were for the neck tension-extension combination, or Nte, for all tests.)
Injury measures for the chest showed similar chest accelerations among the restraint types and values well below the IARV.
However, in examining chest deflection, the values for both booster seats were near or exceeded the criteria. The lap shoulder belt without the use of a booster seat had the smallest forward head displacement. The occupant kinematics at 120 ms is depicted in Figure 8 . At 120 ms, the head was, on average, 7 cm more forward with the booster seat than the belt only configurations. It should be noted that the initial position of the head is approximately 10 cm higher and 5 cm more forward in the highback booster seat than in the belt only configurations. The initial position of the head is approximately 8 cm higher, but no more forward, in the backless booster seat than in the belt only configurations. The occupant kinematics at 140 ms is shown in Figure  12 . The shoulder belts slip off of the dummy's clavicle in both booster tests. Since these tests were oblique and multiple on-board cameras were not used, the head trajectory plot was not calculated. Side The lateral head trajectory was higher with the booster seats than either of the lap shoulder belt configurations (Figures 13 & 14) . For the two booster seat tests, the head target could not be fully tracked with video analysis since it was out of camera range. At 140 ms, the pelvis is more closely coupled to the center of the seat with the lap and shoulder guides configuration than with the other test setups. 
DISCUSSION
This sled test series evaluated the performance of various restraint types for the Hybrid III 6 year old ATD in a range of crash configurations. An evaluation of the dummy injury measures in the frontal and oblique testing did not indicate a clear "best restraint" system -the benefits of various restraint systems were different depending on which criteria were examined. Side impact testing indicated significant lateral movement in all restraint systems. Each crash configuration will be discussed in detail below.
Frontal and Oblique
The frontal tests indicate high neck tension and Nij values in all restraint types, particularly in the high back booster. Real world data from crashes involving booster seats demonstrate that injuries to this body region are extremely rare (Durbin, 2003) . Previous sled test series have suggested that the current Hybrid III 6 year old ATD's neck is lacking in biofidelity and tends to show a higher degree of injury than is reflected in the real-world data (Menon, 2003; Sherwood, 2002) . Future work is needed to assess the accuracy of these neck measures for prediction of injury.
The data further highlight the variability in head trajectory among the restraint types. The tests in which the ATD was restrained by any of the lap shoulder belt configurations demonstrated shorter head travel than the booster seated ATD's for both frontal and oblique events. In this test set-up, there was no first row passenger seat in front of the occupant. If a first row seat had been installed, head contact may have occurred. Of note, the head did not contact the chest in any of the tests.
These results contradict the field data, which demonstrate that head injuries are less common for children using boosters than those using only the vehicle belt system (Winston, 2000) . This discrepancy may be due multiple reasons: testing configuration, biofidelity of the ATD shoulder, and impact location. The sled test replicates a perfectly upright occupant sitting all the way back in the vehicle seat using a taut vehicle belt in front of their torso. Many have identified the common misuses of the vehicle belt system by children, in which they ride with too much belt slack, scoot forward on the seat, or place the shoulder portion under the arm or behind the back. These conditions were not replicated in this study. Further, because the booster-seated ATD is not only more forward than the belted ATD but also higher, when an impact does occur the impact location may more likely be in the regions of the vehicle interior covered by FMVSS 201 (above the belt line or window sill) and thus provide better energy attenuation. Lastly, because of the rigid, squared-off nature of the ATD shoulder, the lap shoulder belt may provide better fit and may better maintain its position than with children in real world crashes. The kinematic analysis showed that exact positioning of the shoulder belt on the ATD's clavicle appeared to be a key influence on kinematics and head excursion. In the oblique booster seat tests, the shoulder belt slipped off the clavicle and loaded the upper extremity.
Lateral For several reasons, the focus of the lateral testing results was limited to far-side kinematics. Nearside lateral testing is highly dependent upon intrusion and the occupant interaction with the vehicle interior. Further, in this testing, the dummy's head made contact with the steel floor of the sled buck, resulting in unrealistic peaks in the injury values. Lastly, the Hybrid III 6 year old dummy was designed as a frontal dummy and is not calibrated in lateral directions.
Significant lateral movement was present in all of the restraint systems tested in the side impact configuration. The dummy's upper torso slipped out of the shoulder belt in all tests. The tests with the booster seats demonstrated relative slipping between the booster seat and the vehicle seat contributing to the large lateral excursion. Enhanced coupling of the ATD's pelvis to the vehicle seat through the use of lap and belt guides showed improvement in helping restrain the dummy's lower torso in the center of the seat.
Limitations and Future Considerations Clearly, there are limitations to this study. This study examined a single crash severity and pulse shape within each impact configuration. These results may not apply to other crash severities or impact types. Further the injury values were assessed using the Hybrid III 6 year old frontal impact dummy. According to federal regulations, the Hybrid III mid-size male adult ATD is used in crash scenarios up to 30 degrees oblique, so the use of the pediatric dummy (scaled from the mid-size adult dummy) in the oblique tests is justified. The extension of this dummy and its associate IARV's to lateral impacts has not been previously established. It is for this reason that only test dummy kinematics were reported for that crash direction. As highlighted in the results, it is important to note that for the off-axis loading of the chest, the measured values of chest deflection may not accurately represent the true deflection measures due to the specific positioning of the chest potentiometer. Use of other deflection devices, such as the IR-TRACC, might be explored to address this issue. These tests were conducted only with the Hybrid III 6 year old; other dummy sizes (i.e. 3-year-old and 10-year-old) may respond differently. Lastly, only one high back BPB was used -no attempt was made to assess the differential performance among different BPB designs.
Further investigation into boosters with top tethers and the LATCH system would be worthwhile to understand their role in helping prevent excess movement, particularly in the lateral position.
The effects of intrusion and of impacting other interior components (i.e. impacting a bench seat containing a far side occupant) during a side impact event are also of interest. Future research should be focused on understanding the meaning of the lap belt loads, as many children tend to wear the lap belt improperly over the abdomen thus leading to injury.
Mass production of any type of child restraint is challenging. Not only do children vary in size and weight, but also they vary in behavioral patterns. The data suggest customizable restraints may provide enhanced protection in a variety of impact configurations. In order to be mass produced, these restraints must be adjustable to fit a wider range of child sizes, a tremendous engineering challenge for restraint designers that requires an assessment of both the child as well as the vehicle.
CONCLUSIONS
This limited test matrix demonstrated the complexity of protecting child occupants in multiple impact directions. Comparison of injury metrics from the frontal and oblique testing indicated there was no clear "best restraint" system -the benefits of various restraint systems were different depending on which criteria were examined. The data in this paper contribute to the fund of knowledge of performance of child restraints in side impact by highlighting the significant lateral movement in all restraint systems in this impact direction. The data suggest customizable restraints may provide enhanced protection in a variety of impact configuration.
